Voriconazole attenuated the ERG b-wave in mice, and inhibited ON-bipolar cell responses evoked by application of CPPG, an mGluR6 antagonist, onto the ON-bipolar cell dendrites, indicating that voriconazole blocks a step in the mGluR6-TRPM1 signal transduction pathway. Voriconazole almost completely blocked capsaicin-activated currents in ON-bipolar cells, which have been attributed to direct activation of the TRPM1 cation channel. Furthermore, application of voriconazole to CHO cells expressing TRPM3, a closely related channel to TRPM1, showed that voriconazole reversibly blocked pregnenolone sulfate-stimulated TRPM3 currents in transfected cells. In contrast, voriconazole only slightly inhibited mGluR6-mediated activation of G-protein activated inward rectifier potassium (GIRK) currents in cotransfected cells, suggesting that mGluR6 is not the primary target of voriconazole in ON-bipolar cells.
V oriconazole (VFEND; Pfizer, New York, NY, USA) is a triazole antibiotic used to treat serious fungal infections. It is a broad-spectrum fungal inhibitor and has become the standard of care for the treatment of invasive pulmonary aspergillosis, a life-threatening lung infection that occurs in immunocompromised patients. 1 Recently, voriconazole was recommended by the Centers for Disease Control and Prevention for combating the 2012 outbreak of fungal meningitis that occurred from contaminated steroid injections. 2 Other triazoles, including itraconazole, fluconazole, and posaconazole, also are prescribed for systemic fungal infections. The common mechanism of action of these triazoles is inhibition of the fungal cytochrome P450 14a-demethylase. 3 Voriconazole is generally well tolerated, but is unique among the triazoles in causing transient visual disturbances, including altered light perception and photophobia. 4, 5 These visual side effects typically occur within 30 minutes of dosing and are correlated with plasma concentrations above 1 to 3 lg/mL. The effect is reversible, with vision usually returning to normal within an hour of intravenous administration, or when the plasma concentration falls below 1 lg/mL. 5 Electroretinogram (ERG) recordings from monkeys within an hour after intravenous administration of voriconazole demonstrated a dramatic attenuation of both the photopic and scotopic b-waves, with no effect on the a-wave. 6 Attenuation of the b-wave was correlated with plasma concentrations above 3 lg/mL. As in human patients, the effect was transient. Within 24 hours after voriconazole administration, the plasma concentration had fallen below 1 lg/mL, and the recorded ERGs were normal.
The selective loss of the ERG b-wave in voriconazole-treated animals is similar to that seen in ERGs from patients with complete congenital stationary night blindness (CSNB1), which is caused by mutations affecting the metabotropic glutamate receptor 6 (mGluR6) signal transduction pathway of ONbipolar cells. In a healthy retina, deactivation of the mGluR6-based signaling pathway mediates the depolarizing light response of ON-bipolar cells by triggering the opening of the transient receptor potential melastatin 1 (TRPM1) cation channel. [7] [8] [9] Mutations in either mGluR6 10, 11 or TRPM1 [12] [13] [14] have been shown to cause CSNB1. Although night blindness is not typically listed as a symptom of voriconazole toxicity, photophobia, a common manifestation of voriconazole toxicity, is described by approximately 20% of CSNB1 patients, 15 and may be related to changes in light adaptation and contrast sensitivity associated with disruption of ON-bipolar cell signaling. 8, 15, 16 Similar to CSNB1, the voriconazole-induced attenuation of the ERG b-wave following a normal a-wave, suggests mGluR6 or TRPM1 as possible sites of the block in visual processing; therefore, we investigated both proteins as potential targets of voriconazole inhibition.
MATERIALS AND METHODS

Chemicals
The VFEND IV is a white lyophilized powder containing nominally 200 mg voriconazole and 3200 mg sulfobutylether beta-cyclodextrin sodium in a 30-mL Type I clear glass vial. It is reconstituted with saline to produce a solution containing 20 mg/mL voriconazole and 320 mg/mL sulfobutylether betacyclodextrin sodium. Control ERG experiments were performed with a saline solution containing 320 mg/mL sulfobutylether beta-cyclodextrin sodium only. The VFEND or control solution was administered by intraperitoneal (IP) injection.
Electroretinogram Recording
Adult C57BL/6 mice (OHSU, Portland, OR, USA) were darkadapted overnight (>12 hours). 
Electroretinogram Data Analysis
Scotopic ERGs were processed and analyzed using programs implemented with MATLAB (R2006a; MathWorks, Natick, MA, USA). Time zero of the ERG recording was set as the start of the light flash. The baseline was set to the average of the 3-ms recording before the flash, and the peak of the a-wave was measured between 5 and 30 ms after the flash with low-pass filtering of 800 Hz. For the b-wave, the oscillatory potentials were removed from the signal by a digital filter using the filtfilt function in MATLAB (low-pass filter; Fc 58 Hz). The b-wave amplitude (peak reached between 25 and 350 ms post flash) was calculated from the baseline, or from the a-wave trough if present.
In Figure 1A , b-waves were normalized to the peak amplitude of b-wave before IP injection. For ERGs in which an a-wave was evident (Fig. 1B) , the a-waves were normalized to the peak amplitude of a-wave before IP injection.
Retinal Slice Recordings
Chemically simulated light responses from rod bipolar cells were recorded in mouse retinal slices perfused with bicarbonate-buffered Ames medium continuously bubbled with 95% O 2 , 5% CO 2 . All procedures were performed under normal visiblelight illumination. For rod bipolar cell recordings, the chamber was heated to 328C to 348C, and the medium was supplemented with 4 lM L-aminophosphonobutyric acid (L-AP4; Tocris Bioscience, Ellisville, MO, USA) to maximally activate the mGluR6 receptors, thereby mimicking darkness. and 1 Na-guanosine-5 0 -triphosphate (GTP), adjusted to pH 7.4 with KOH. This intracellular solution containing a high concentration of BAPTA was chosen to prolong the peak (RS)-a-cyclopropy1-4-phosphonophenylglycine (CPPG) response in rod bipolar cells. 17 Rod bipolar cell bodies were identified according to their morphology and position in the slice, and by their response characteristics. Whole-cell voltageclamp recordings were performed at a holding potential of À60 mV, at which inhibitory chloride currents in the axon terminal are negligible. 18 Chemically simulated bipolar cell light responses were elicited by pressure application of the mGluR6 antagonist, CPPG (500 lM); in other experiments, the TRPM1 current was activated by application of 100 lM capsaicin. Pulses were delivered via a 5-MX patch pipette onto bipolar cell dendrites for 6 seconds at approximately 6 psi with a pressure ejection system (PicoSpritzer II). To investigate inhibition by voriconazole, a second puffer pipette was positioned in an orthogonal position, such that it applied solution to the identical region of the outer plexiform layer (OPL). After initial agonist application from one puffer pipette (2 seconds), the first pipette was turned off as the second pipette, containing 100 lM voriconazole in addition to the agonist, was turned on. After an additional 2 seconds, the initial condition was restored. Current responses were digitally sampled at 20 kHz and filtered at 5 kHz.
Whole-Cell Recordings From Transfected Cultured Cells
Chinese hamster ovary (CHO) cells and HEK293 cells were grown at 378C in a humidified 5% CO 2 incubator in highglucose Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and a penicillin/streptomycin mixture.
TRPM3. Chinese hamster ovary cells were transfected with a plasmid encoding a full-length mouse retinal TRPM3-mCherry fusion construct under control of the cytomegalovirus (CMV) promoter (originally based on pEGFP-N1 expression plasmid). Recording solutions were similar to those used by Lambert et al. 19 The pipette solution contained (in millimolars) 80 to 90 CsAsp, 45 CsCl, 4 Na 2 ATP, 10 BAPTA, 5 EDTA, and 10 HEPES. The pH was adjusted to 7.2 with CsOH (adding 60 mM Cs þ to the solution), and the osmolarity was adjusted to values within the range of 305 to 320 mOsm; the bath solution contained (in millimolars) 145 NaCl, 3 KCl, 10 CsCl, 2 MgCl 2 , 2 CaCl 2 , and 10 HEPES, pH 7.2. Cells were held at À60 mV, and voltage ramps from À100 to þ100 mV were applied every 20 seconds for a duration of 250 ms to examine current-voltage relations. The TRPM3 currents were activated by the application of 35 lM pregnenolone sulfate (PS), and the cells were subsequently exposed to a solution containing 100 lM voriconazole in addition to the PS.
To study the current-voltage relationship of TRPM3 currents, TRPM3-EGFP plasmid was electroporated into HEK293 cells. Whole-cell patch-clamp recordings of GFPpositive cells were performed 48 hours after transfection. The bath solution (Ringer's solution) contained (in millimolars) 137 NaCl, 5 KCl, 2.5 CaCl2, 1 MgCl2, 15 glucose, and 10 HEPES, pH 7.4 adjusted with NaOH. The pipette solution contained (in millimolars) 125 CsMeSO4, 15 CsCl, 10 Na2ATP, 4 EGTA, and 10 HEPES, pH 7.4 adjusted with CsOH. The osmolality of both solutions was approximately 310 mOsm. Cells were held at À90 mV, and voltage ramps from À100 to þ100 mV were applied for a duration of 2 seconds to examine current-voltage relations.
mGluR6-GIRK. A stable mGluR6-expressing cell line was produced by Lipofectamine-based transfection (Invitrogen, Carlsbad, CA, USA) with a plasmid encoding an mGluR6-enhanced yellow fluorescent protein (EYFP) fusion protein,
followed by G418 selection. To assess mGluR6 function, mGluR6-stable CHO cells were transiently transfected with plasmids encoding monomeric red fluorescent protein (mRFP) as a marker for transfected cells, and the G-protein regulated K þ -channel subunits Kir3.1 and Kir3.4 (KCNJ3 þ KCNJ5). One to 5 days after transfection, cells were mechanically detached from growth plates, triturated to obtain single cells, and allowed to settle on the bottom of a recording chamber. The 
Voriconazole Is a Blocker of TRPM1 and TRPM3 Channels
external solution contained a relatively high K þ concentration to enhance inward currents at negative potentials (in millimolars): 125 NaCl, 25 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 glucose, and 5 HEPES (pH 7.4). After obtaining a whole-cell configuration, cells were lifted from the bottom and placed in front of a Warner Instruments (Hamden, CT, USA) three-barrel QuickChange solution changer. Cells were typically held at a voltage of À100 mV, and voltage dependence was measured by 500-ms ramps from À100 to þ50 mV once every 20 seconds. Currents of G-protein-activated inwardly rectifying K þ (GIRK) channels were activated via mGluR6 by application of 1 mM glutamate, followed by application of 100 lM voriconazole in 1 mM glutamate to assess mGluR6 inhibition.
RESULTS
Voriconazole Suppresses the Mouse ERG b-Wave
We examined the ERG of mice injected with IP voriconazole (Fig. 1) . Dark-adapted mice, injected with 0.24 mg/g body weight voriconazole, or control solution, were exposed to dim and bright scotopic flashes of À2.12 ( Fig. 1A ) and 2.27 ( Fig. 1B) log(cd-s/m 2 ), respectively. The ERG b-wave was selectively reduced at both light intensities in a time-dependent manner. The ratio of the b-wave peak amplitude at different times after IP injection normalized to the b-wave before IP injection at two drug concentrations (0.24 mg/g and 0.06 mg/g) is shown in Fig. 1C . At both drug concentrations, a reduction in the b-wave was apparent as early as 2 minutes after injection, and the bwave was almost abolished at 15 minutes after injection for both concentrations of voriconazole.
Voriconazole Blocks Rod Bipolar Cell Responses in the Mouse Retinal Slices
The ERG b-wave mostly reflects the depolarizing light response of ON-bipolar cells. To assess the effect of voriconazole application on ON-bipolar cell currents, we recorded chemically simulated light responses from rod bipolar cells in mouse retinal slices as described previously. 8 In this method, the mGluR6 agonist, L-AP4, is applied to the bath solution, mimicking glutamate release from photoreceptors in darkness. Brief application of the mGluR6 antagonist, CPPG, to the ONbipolar cell dendrites simulates the light-induced decrease in glutamate release from photoreceptors, giving rise to a depolarizing current similar to the ON-bipolar cell light response. One advantage of this approach is that it isolates the response of bipolar cells from that of photoreceptors. We found that voriconazole blocks CPPG responses of rod bipolar cells, indicating that it is directly inhibiting a component of the mGluR6-TRPM1 signal transduction pathway ( Fig. 2 ; 75% inhibition 6 12% SEM, n ¼ 5).
Voriconazole Blocks TRPM1 and TRPM3 Currents
We tested whether voriconazole blocks the TRPM1 cation channel directly. The TRPM1 currents in ON-bipolar cells can be activated by application of capsaicin. 7, 20 We recorded rod bipolar cell currents in mouse retinal slices in response to capsaicin puffed over the dendrites, then switched to capsaicin plus voriconazole, then back to capsaicin alone (Fig. 3A) . Capsaicin activated an inward current that was blocked by voriconazole (90% inhibition 6 4% SEM, n ¼ 7). Washout of voriconazole in the continued presence of capsaicin restored the inward current, indicating that the block is reversible. Because of the difficulty with heterologous expression of TRPM1, we tested voriconazole on TRPM3, the most closely related channel to TRPM1 (70% amino acid sequence identity). Plasmids encoding a fusion of mouse TRPM3 to either mCherry or EGFP were transiently transfected into CHO cells (TRPM3-mCherry) or HEK293 cells (TRPM3-EGFP). Transfected cells were identified by fluorescence and currents recorded in response to application of the TRPM3 activator, PS. 19, 21 To test for the effect of voriconazole on the PS-activated current, the PS solution was switched to PS plus voriconazole (100 lM), and then back to PS alone. As seen in Figures 3B through 3D , voriconazole dramatically inhibits PS-activated TRPM3 currents (92.3% inhibition 6 6.3% SEM, n ¼ 4).
Voriconazole Does Not Block mGluR6 Activity
To test whether voriconazole also acts on mGluR6, we produced a CHO-derived cell line stably expressing mGluR6-EYFP. This cell line was then transiently transfected with the GIRK channels Kir3.1 and Kir3.4, which can be opened following glutamate activation of mGluR6, and with mRFP to allow for identification of transfected cells by red fluorescence. Patch-clamp recordings of red fluorescent cells confirmed that an mGluR6-coupled inward current could be activated by application of 1 mM glutamate in a high-potassium external solution (Fig. 4) ; this current was not present in cells that had not been transfected with the GIRK channels. A small decrease in the potassium current (2%-9%, n ¼ 6) was observed when the glutamate solution was replaced by glutamate plus voriconazole (100 lM; Fig. 4) . Thus, voriconazole was found to only slightly inhibit glutamate-activated mGluR6-coupled GIRK currents, suggesting that mGluR6 is not the primary target of voriconazole in ON-bipolar cells.
DISCUSSION
Voriconazole is approved as an antifungal treatment, despite a relatively high risk (30%) of visual adverse events. These events are reversible on therapy reduction or cessation, but their mechanism remains obscure. When injected systemically in monkeys 6 and rats, 22 voriconazole selectively attenuates the ERG b-wave. Here, we demonstrate that systemically injected voriconazole similarly attenuates the b-wave in mice. Interestingly, voriconazole, when injected directly into the vitreous, does not effect the b-wave amplitude in rabbits 23 or rats, 24 suggesting that intravitreally injected voriconazole does not reach ON-bipolar cell dendrites due to a barrier to diffusion, such as the inner limiting membrane.
Fourgeux et al. 22 propose that the effect of systemically injected voriconazole on the ERG b-wave is due to inhibition of cholesterol 24S-hydroxylase (CYP46A1) and a consequent reduction of 24S-hydroxycholesterol that negatively affects retinal function. Our finding that CPPG responses of ONbipolar cells in a retinal slice preparation are rapidly and reversibly inhibited by voriconazole perfusion (Fig. 2) suggests the ERG effect is due to a direct block of the mGluR6-TRPM1 signal transduction pathway in ON-bipolar cells. Furthermore, voriconazole strongly blocked capsaicin-activated currents in ON-bipolar cells, implicating TRPM1, rather than mGluR6 as the target. Heterologous expression studies confirmed that mGluR6 is very little affected by voriconazole, but that TRPM3, a close homolog of TRPM1, is blocked by voriconazole.
Mutations in the TRPM1 gene are a major cause of CSNB1, in which affected individuals experience difficulty in seeing at night and in very dim light. [12] [13] [14] [15] Surprisingly, night blindness is rarely listed among the visual problems associated with voriconazole. Rather, the visual side effects most commonly reported by patients include photophobia, photopsia, and enhanced perception (i.e., objects appearing brighter). 4, 5 These visual symptoms are similar to those described by patients with melanoma-associated retinopathy (MAR), an autoimmune syndrome associated with cutaneous melanoma. Melanoma-associated retinopathy is caused by the production of autoantibodies against TRPM1, [25] [26] [27] [28] which is normally expressed not only in the eye but also by melanocytes in the skin. 29 , 30 The ERGs of MAR patients typically show a normal a- wave, but a reduced or absent b-wave. 31 Injection of serum from MAR patients into the vitreous in mice results in a decrease in the amplitude of the ERG b-wave and immunohistological labeling of ON-bipolar cells, which is absent in TRPM1 knockout mice. 27 The differences in reported visual symptoms between CSNB1 patients and those with MAR or voriconazole toxicity may partly be due to somewhat different visual effects of a congenital absence of TRPM1 versus an acute loss of TRPM1 function.
Together, our findings indicate that the cause of the transient visual disturbances reported by patients receiving voriconazole treatment for invasive fungal infections may be due to direct inhibition of ON-bipolar cell TRPM1 currents by voriconazole. Furthermore, the ability of voriconazole to inhibit TRPM3, in addition to TRPM1, may underlie some of the other transient neurological side affects sometimes associated with voriconazole treatment, such as visual and auditory hallucinations, 32 as TRPM3 is more widely expressed in the brain. 33 In addition, our findings identify a novel pharmacological agent capable of inhibiting TRPM1 and TRPM3, channels that have been difficult to study given the limited agonists and antagonists available.
